Purpose: The major goal of this study was to test the hypothesis that in patients with peripheral hypertrophic subepithelial corneal opacification (PHSCO), visualization of corneal vessels is better with optical coherence tomography angiography (OCTA) than with conventional slit lamp microphotography. Methods: Patients with PHSCO were included in this prospective study. The corneal findings were photographed using a slit lamp camera (Haag Streit BM 900 â ) and visualized with anterior-segment OCT (Optovue XR Avanti, Fremont, California, USA). Additionally, OCTA with the Angiovue Imaging TM System was performed in the area of PHSCO. Results: Thirty-four eyes of 19 patients (26% male and 74% female) with PHSCO were included in this study. In 21 eyes, vascularization in the area of PHSCO was visualized with the Angiovue-OCT, whereas only 10 eyes presented vessels in slit lamp photographs. Conclusion: Optical coherence tomography angiography allows better visualization of corneal neovascularization than slit lamp photography in patients with PHSCO. Corneal opacifications were found predominantly nasally, which was reflected by a local enlargement of corneal thickness.
Introduction
Peripheral hypertrophic subepithelial corneal opacification (PHSCO) was first described in six patients by Maust & Raber (2003) . In 2013, Gore et al. described 22 patients with this condition using the same term. In this study, we utilize the term 'opacification' (PHSCO) instead of 'degeneration' (PHSCD), because it is unknown at present whether the opacification results from degeneration or dystrophy (Gore et al. 2013; Rohrbach et al. 2014) .
Peripheral hypertrophic subepithelial corneal opacification is characterized by peripheral superficial fibrosis, which is located between the corneal epithelium and the Bowman's layer. Additionally, abnormal vascularization is frequently observed in the opacified areas (Maust & Raber 2003) . Whether PHSCO belongs to the same clinical entity as Salzmann's nodular degeneration, which was first described by Salzmann in 1925, is still heavily debated (Sundmacher 2012) .
The Angiovue Imaging System of the optical coherence tomography (OCT), OptoVue XR Avanti (Fremont, California; USA), offers new non-invasive possibilities to visualize ocular vascularization (Ang et al. 2015 ). Thus, the major goal of this study was to test the hypothesis that visualization of corneal vessels in regions of PHSCO is better with the Angiovue-OCT than with conventional slit lamp microphotography. Another goal of the study was to examine whether regional differences in corneal epithelial and whole corneal thickness are detectable with the OptoVue system in these patients. inflammation, contact lens wear longer than 2 or 4 weeks (soft and hard contact lens wearers, respectively) before the study visit, any corneal pathology other than PHSCO, history of corneal transplantation, history of refractive surgery and history of intraocular surgery with the exception of uncomplicated cataract surgery longer than 3 months before the study visit (Table 1) . The ophthalmological history, especially previous corneal inflammation, previous surgery and medication were documented. All patients underwent an ophthalmological examination and assessment of the bestcorrected visual acuity (BCVA) in decimal. The slit lamp was used to evaluate the corneal opacity and for taking closeup photographs of the cornea. The participants were seated in front of the slit lamp with a camera adapted and were asked to rest their chin on the chinrest and press their forehead against the strap. Next, they were asked to look straight ahead and to keep their eyes wide open during the examination. A close-up image was taken of the affected eye. Therefore, a Canon EOS 500D camera with an image resolution of 2352 9 1568 was used with 1/60s exposure time and peripheral illumination correction.
The OptoVue XR Avanti system with OCT Angiography was performed several times at each eye with different settings (cornea cross-line, pachymetry, angio-cornea). For image acquisition, a cornea-anterior module long adaptor lens was used. The participants were seated in front of the Angiovue TM Imaging System and were asked to rest their chin on the chinrest and press their forehead against the strap. Next, they were asked to look straight to the red blinking fixation light and to keep their eyes wide open during the examination. In order to visualize the peripheral corneal changes, the participants were asked to look to the left, right, up or down, so the position could be adjusted manually. For each examination, the subject's head position was corrected to ensure a proper contact to the headrest, if necessary. The examiner centred the scan on the vertex by adjusting the position of the OCT system until a bright vertical flare line was seen on the real-time OCT image at the centre of the image. The corneal apex reflection had to be localized by the examiner before a scan was taken. The software of the OCT automatically processes the OCT image and calculates the corneal pachymetry map. The maps are divided into zones by octants (superior, superotemporal, temporal, inferotemporal, inferior, inferonasal, nasal and superonasal) and annular rings (2, 5 and 6 mm diameters). The average corneal thickness (CT) and epithelial thickness (ET) of each zone are presented in a zonal average map. The Angiovue-OCT provides 70.000 A-scans per second with an optical axial resolution of 5 lm (digital pixel sampling = 3 lm). The OCT axial imaging depth is between two and three millimetres, the imaging size of the retina can be chosen between 3 9 3, 6 9 6 or 8 9 8 mm and the map diameter of the cornea can be chosen between 2, 5 and 6 mm.
Furthermore, the Angiovue TM Imaging System was used to detect neovascularization. This is a non-invasive and fast technique that generates volumetric angiography images. These examinations were performed automatically in the centre of the cornea and manually at the area of the opacities. The examinations were performed by two blinded graders: one for the slit lamp photographs and one for the Angiovue-OCT. The area of opacification was defined as an area of limited light transmission. Although there maybe local differences in light transmission within the areas of opacification, it is clearly distinguishable from clear cornea by a visible border (Fig. 1) .
Statistical methods
For descriptive analyses, mean values and SDs were calculated for normally distributed values for all patients as well as for men and women separately.
Using the SPSS program (IBM Corp., released 2012, IBM SPSS Statistics for Windows, version 21.0, Armonk, NY, USA), an evaluation of significant differences between visualization of corneal vascularization by slit lamp photography compared to the Angiovue-OCT was performed. Furthermore, comparison of whole the corneal thickness and epithelial thickness between individual areas was performed using the paired t-test. Opposite areas (e.g. nasal paracentral/temporal paracentral) were tested against each other.
A McNemar test was performed for comparing the two different methods (detection of vascularization of slit lamp photographs and the Angiovue-OCT), which were tested at the same individual. Also, the kappa coefficient was calculated for interpreting the concordance of these two dependent binary variables.
All statistic tests were performed two times: first, global tests for all patients with both eyes were performed, without taking into consideration that the patients are integrated in the analysis for two times. Second, all tests were performed separately for both eyes. Because the results do not differ between the first and second analysis, only the results from the first (global) analysis are presented.
All analyses were performed exploratively. No correction due to multiple testing was conducted. Therefore, pvalues should be interpreted with caution and in relation to the effect estimates and confidence limits.
Results
Thirty-four eyes of 19 patients (five males and 14 females) were included in this study. Four eyes were excluded (three eyes already had a superficial keratectomy; one eye had a history of choroidal melanoma). None of the patients had a positive history for ocular inflammation. The mean age was 57.2 AE 11 years (range: 36 to 80 years). The mean best-corrected visual acuity (BCVA) was logMAR 0.16 AE 0.18 (range: À0.1 to 0.6), which corresponds to %0.63 decimal.
Corneal opacifications were found in all areas (except temporal superior of the right eyes) and were classified based on slit lamp photographs. To compare the results with the Optovue measurement, an octant division was used. The PHSCO was mostly located in the nasal and upper nasal quadrant (Fig. 2) .
In ten eyes (29.4%), corneal vascularization was detected based on the analysis of slit lamp photographs. In 21 eyes (61.8%), corneal vascularization was detected with the Angiovue-OCT. The crosstabulation represents these differences (Table 2 ). All blood vessels seen with the Angiovue-OCT were located in the upper third of the cornea at a similar depth as vessels from the marginal vascular arcade (Fig. 3) . The McNemar test comparing the detection of vascularization with slit lamp photographs and the Angiovue-OCT showed a noticeable p-value (0.001), which indicates discordant findings. The kappa coefficient (0.449) also indicates a moderate agreement between the two investigations. Of note, in all eyes where corneal vascularization was detected by slit lamp photography, it has also been detected by the Angiovue-OCT.
The mean values and SDs for whole corneal and corneal epithelial thickness measured in 19 areas for all subjects are shown in Tables 3 and 4 . The rank order of whole CT was peripheral nasal-superior > nasal peripheral > nasalinferior peripheral > nasal-superior paracentral.
The means AE SD and ranges of ET measured in 19 areas for all subjects.
Tables 3 and 4 also show the results for the intergroup comparison. The comparisons of CT in the opposite corneal areas show relevant differences in almost all measured areas (p < 0.001; Table 3 ). The group comparison of the ET in the opposite corneal areas showed no relevant differences between the measured areas (Table 4) .
Discussion
The major goal of this study was to test the hypothesis that visualization of corneal vessels in patients with PHSCO is better with the Angiovue-OCT than with conventional (micro slit lamp) photography. The Angiovue-OCT detected more frequently vascularization within the areas of the opacification than conventional photography. Hence, the use of the Angiovue-OCT is beneficial for an early detection of corneal blood vessels in PHSCO. This may become useful to understand the pathophysiology of PHSCO and to track disease progression in follow-up examinations.
Peripheral hypertrophic subepithelial corneal opacification and Salzmann's nodules present as solitary or multiple bluish-white corneal elevations rising above the surface. They are localized between the epithelium and the Bowman's layer (Das et al. 2005) . Inflammation or traumas have been implicated in the pathophysiology of Salzmann's nodular degeneration. This does usually not apply to PHSCO, which is actually the largest disagreement. Of note, among our examined patients, none had a history of inflammation such as conjunctivitis, blepharitis or allergic reaction in the eye.
Remarkably, we found that the corneal changes in PHSCO are mostly localized in the nasal periphery of the cornea, which is in line with the most frequent localization of pterygium (Theobald 1887) . However, whether the disease is a form of local limbal stem cell deficiency caused by environmental influences, for example excessive exposure to ultraviolet radiation remains to be pursued further. Although whole CT was markedly increased in the nasal parts of the cornea, ET was not altered suggesting that there is little correspondence between these two characteristics. This indicates that subepithelial deposits and Bold indicates total numbers of patients with or without neovascularization.
not changes of ET contribute substantially to the increased CT in PHSCO. The Angiovue-OCT was originally developed as a non-invasive imaging technique to visualize blood vessels in the retina. Within milliseconds, it employs motion contrast imaging to high-resolution volumetric blood flow information generating angiographic images (de Carlo et al. 2015) . Since 2006, the use of OCT for angiography has been studied (Roach 2015) . The first Angio-OCT was launched on the market in 2014. The images are taken without the need of fluorescein injection, which is one of the greatest advantages apart from the reduced recording time (de Carlo et al. 2015) . There are 70.000 Ascans per second with an optical axial resolution of 5 lm (digital pixel sampling = 3 lm). The OCT axial imaging depth is between two and three millimetres, the imaging size of the retina can be chosen between 3 9 3, 6 9 6 or 8 9 8 mm and the map diameter of the cornea can be chosen between 2, 5 and 6 mm. The image resolution of the compared pictures of the slit lamp photographs is 2352 9 1568 (Canon EOS), which is reduced by the impinging light. This is the first study that has examined the suitability of the Angio-OCTA to measure corneal changes in PHSCO. Just recently, Cai et al. used the AngioVue-OCTA to assess corneal vascularization secondary to herpetic keratitis before and after treatment (Cai et al. 2017) . The Angiovue-OCTA was able to detect a significant decrease in area of vascularization in all eyes post-treatment. Abnormal corneal vasculatures in corneal graft, postherpetic scarring and in pterygia were visualized with the Angiovue-OCTA in the study of Ang et al. (2015) . Both studies described the Angiovue-OCTA as a great non-invasive and rapid alternative to ICG angiography especially for monitoring changes before and after treatment. However, in these studies corneal vessels were found to be hardly visible in the presence of lipid deposits or superficial corneal scarring. Hence, in corneal opacities, deeper vessels may not be visualized as clearly by the OCTA system as by ICGA (Ang et al. 2015; Steger et al. 2016) . Further limitations of the Angiovue-OCTA are that the system fails in distinguishing between afferent and efferent blood vessels ) and that it relies on red blood cell movement and is influenced by cell number and velocity. Thus, acellular flow in very small vessels Fig. 3 . Angiovue-OCT with the corresponding high-resolution cross-sectional image of corneal vascularization. Table 3 . Comparison of the opposite corresponding areas of mean corneal thickness (CT) AE SD using the pachymetry map (P = peripheral; PC = paracentral, * = relevant differences). A paired t-test was used to compare mean CT.
Area
Mean Table 4 . Comparison of the opposite corresponding areas of mean epithelial thickness (ET) AE SD using the pachymetry map (P = peripheral; PC = paracentral, * = relevant differences). A paired t-test was used to compare mean epithelial thickness (ET). and in vascular leakage is not detectable with this system. . Further studies are needed to clarify whether the diagnostic value of OCTA is comparable with that of ICGA. In 61.8% of our examined eyes, superficial neovascularization crossing the limbal margin in the area of corneal opacification was detected with the Angiovue-OCTA. The Image of the Angiovue-OCTA could be directly compared with the corresponding high-resolution crosssectional images of the cornea. This provides the direct information on the thickness of the opacity and the amount of the vascularization. Unfortunately, due to artefacts in the corneal cross sections, no statement can be made about the exact depth of blood vessels (Fig. 3) .
In addition, the images show whether the vessels exceed the area of the opacity or not, which is a clear advantage over conventional photography. We did not use ICG angiography in our study, because our goal was to compare noninvasive visualization methods. ICG angiography, however, is an invasive method and cannot be used in patients with allergy to fluorescein, iodides and shellfish (Anijeet et al. 2002) . Moreover, it has been demonstrated in a recent study by Ang et al. (2015) that noncontact OCT angiography is comparable with ICG angiography for measurement of the area of corneal vascularization.
We found that the quality of the recordings was highly dependent on the patient. Because of the limited imaged zone of 6 9 6 mm, the process of the manual Angio-OCT image taking in the peripheral areas takes quite long (up to 20 min depending on the extent of corneal opacification). For this step, a good patient cooperation is needed. The automatic adjustment follows the corneal apex with a cross section dimension of 6 mm. As both the opacification and the vessels are mostly localized in the peripheral areas of the cornea, these areas were not completely caught by the automatic default and had to be examined manually by asking the patient to change his eye position. This leads to unstandardized, investigator-dependent, measuring results of the periphery resulting in variable recording quality and presentation. To illustrate several points in the periphery, it needs time and patience at both sides -the investigator and the patient. Furthermore, with the current OCTA technology, scans can contain artefacts that appear as abnormal vessels. By repeating scans and examining multiple scans, abnormal vessels can be distinguished from normal vessels. A larger receiving cross section dimension would be desirable. In addition, the tear film plays also an important role for the outcome. Dry eyes with a decreased Break up Time show a poorer image quality compared to eyes with an intact tear film. During examination with the Angio-OCTA, the eye should be held open for at least 30 seconds without eye movements or blinking.
Corneal opacification is difficult to present by photography. Corneal vascularization can be seen in photographs of good quality, but usually only when the vascularization is pronounced. Fine vascularization can be demonstrated hardly by conventional slit lamp photography. In addition, the photograph shoot is always served manually, which is unstandardized. A great advantage, however, is the short duration of the photographtaking process.
To grade the corneal changes correctly, a slit lamp investigation as well as the Angio-OCT is needed. However, the Angio-OCT provides more detailed information on vascularization than a slit lamp examination. Furthermore, the progression of already existing vascularization and changes in epithelial thickness and overall pachymetry can be observed with one method of measurement. Therefore, decisions on surgical intervention can be made more easily. In addition, it may also be useful for monitoring changes of corneal vascularization before and after treatment. The major disadvantage of the Angio-OCT is the limited size of the recording area. A larger diameter for the corneal capturing area would be beneficial especially for peripheral corneal diseases like PHSCO. This has very recently been added to the newest software available while the present study was underway.
In conclusion, we found that PHSCO is most frequently localized in the nasal periphery of the cornea. While whole CT was increased nasally, ET was not. The Angio-OCT provides more detailed information on vascularization in PHSCO compared to conventional slit lamp microphotography. Whether corneal blood vessel growth in PHSCO is a sign of disease activity and progression like in other corneal pathologies is unknown at present and needs to be pursued further. Visualization of corneal blood vessels may become a useful tool for follow-up examinations and for understanding of the pathophysiology of PHSCO.
